A hyperthermophophilic -1,4 endoglucanase (family 5, cellulase) was identified in a hyperthermophilic archaeon Pyrococcus horikoshii and found to be capable of hydrolyzing crystalline cellulose at high temperatures. This hyperthermophilic enzyme has promise for applications in biomass utilization, but we have no information regarding the catalytic mechanism or structure of the enzyme. To determine its catalytic mechanism, we examined the roles of amino acids located in a loop near the speculative active site by the alanine scanning method. Ten mutants of the enzyme were constructed and expressed in Escherichia coli. The purified mutant enzymes were assayed for their hydrolytic activities on p-nitrophenyl cellobiose (pNG2), carboxylmethyl cellulose, and avicel. The results showed that His155, Arg156, and Ile162 play an important role in pNG2 binding capacity, and that H155 and I162 are important for catalysis.
Microbial endoglucanases have attracted considerable research and commercial interest due to their potential applications in biotechnology and industry. Especially, thermophilic endoglucanases are used in large quantities in the textile industry in the bio-polishing of cotton products to remove excess fibers and to create a soft texture. A hyperthermophilic endoglucanase (family 5, EGPh) from Pyrococcus horikoshii was found to have the capability of hydrolyzing crystalline cellulose. 1) This was a highly promising finding, since enzymatic hydrolysis of crystalline cellulose, a major component of biomass, has long been awaited. To date, however, we have no information concerning the catalytic mechanism or the structure of EGPh. The objective of this study was to determine the active site of EGPh.
The amino acid sequence of EGPh has 43% identity with endoglucanase (EGAc) from Acidothermus cellulolyticus, showing that active-site residues are also conserved. 1, 2) The crystal structure of EGAc indicated that some conserved residues have an important role to play in hydrolysis activity and substrate binding capacity. From the sequence homology between EGPh and EGAc and the crystal structure of EGAc, 2) we identified the speculative active sites (E201, H297, Y299, and E342) and a loop region (155-164) as the probable substrate binding region in EGPh. Figure 1 shows the sequence of the loop region of EGPh (155-164) deduced speculatively from the sequence homology between EGPh and EGAc. The loop region (155-164) of EGPh exhibited 30% identity to that of EGAc (Fig. 1) . By the alanine scanning method, we tried to clarify the role of amino acids in the loop. We constructed 10 mutants of EGPh, in which each amino acid located at the loop was changed to alanine. Insertion of an alanine residue into the candidate region gene was performed by site-direct mutagenesis using a Quick-change mutagenesis kit (Stratagene, La Jolla, CA). For expression of each mutant enzyme, the mutant gene was cloned into expression vector pET11a (Novagen, Madison, WI). The resulting construct was introduced into Escherichia coli BL21(DE3), and production of the protein was induced by the addition of 0.1 mM IPTG at 25 C. Each mutant enzyme was purified by ammonium sulfate fractionation after heat treatment and by passing it through a HiTrapQ anion exchange column, a method described previously.
3) After confirming the purity of the protein by SDS-PAGE, the protein concentration was determined from the UV absorbance at 280 nm, using 136,270 as the molar extinction coefficient. These mutants were successfully expressed in E. coli and purified. The activity toward p-nitrophenyl cellobiose (pNG2), carboxylmethyl cellulose (CMC), and phosphoric acid swollen Avicel (crystalline cellulose, AV) of each mutant was investigated. The enzymatic activity toward pNG2 was determined by measuring the released p-nitrophenol derived from pNG2 at pH 5.5 at 50 C. The enzymatic activity toward CMC (Wako Pure Chemicals, Osaka, Japan) and AV (Merck, Darmstadt, Germany) was determined at pH 5.5 at 85
C by the modified Somogyi-Nelson method. 4) Phosphoric acid swollen Avicel (AV) was prepared by the method described previously. 5) Kinetic parameters for the hydrolysis of pNG2 by each of the mutated enzymes, as well as wild-type EGPh, are presented in Table 1 . The K m values for H155A, R156A and I162A were considerably higher than that for the wild type, indicating that these residues play a critical role in substrate binding. Among these residues, H155 is known to be conserved among family5 enzymes. 2, 6) The significant decreases in k cat for H155A and I162A indicate that H155 and I162 are also important in stabilizing the transition state of the Michaelis complex between EGPh and pNG2. H155, R156, and I162 correspond to H116, R117, and Q123 of EGAc, respectively. In the case of EGAc, the side chains of these residues are located close together and hydrogen bond to the non-reducing end of the substrate.
2) In the case of EGPh, however, I162, which corresponds to Q123 in EGAc, cannot form a hydrogen bond with the substrate. Consequently, the significant decrease in k cat for I162A suggests that I162 plays a unique role in a hydrophobic interaction between EGPh and the substrate. Figure 2 shows the activity profiles of mutant EGPh toward three substrates (AV, CMC, and pNG2). H155A and I162A significantly reduced activity toward pNG2, while retaining considerable activity toward CMC and AV. Considering the chain length of the substrates, these results indicate that His155 and Ile162 are important for the activity toward short-chain substrates, suggesting that both residues might be located near the catalytic site in the substrate-binding loop. Since no significant decrease in activity toward AV was observed with the individual mutants, the amino acid residues in the loop appear to be complementary. H155A, R156A, and I162A had similar relative activity toward AV, while showing remarkably different activity toward CMC. From the sequence (Fig. 1 ) and structural homologies, 2) the substrate recognition mechanism for H155 and R156 of EGPh appear to be similar to that of EGAc. However, I162, corresponding to Q123 in EGAc, might play an unique role in EGPh. The activity was performed in 100 mM sodium acetate buffer (pH 5.5) at 50 C. The k cat values were determined from the initial velocity measured using the non-linear least-squares method. Assays of activity toward Avicel and CMC were performed using a 0.5% substrate concentration in 100 mM sodium acetate buffer (pH 5.5) at 85 C. The reaction mixture was continuously mixed on a magnetic stir plate. The assay toward pNG2 was performed at 50 C.
